Mealybug wilt of pineapple (MWP) is a devastating disease found in all the major pineapple growing regions of the world (4) (5) (6) 26) . The disease is characterized by severe tip dieback, downward curving of the leaf margins, reddening, and wilting of the leaves that can cause total collapse of the plant. The etiology of MWP has long been in question. The disorder is generally associated with the presence of mealybugs (3, 6, 20) , however, not every mealybuginfested plant develops MWP (7, 8, 16, 28, 29, 31) . Hypotheses have suggested the involvement of a latent transmissible factor such as a virus (8, 15) , and long flexuousrod shaped particles were isolated from MWP symptomatic plants (14) . Subsequently, closterovirus particles were detected in both MWP symptomatic and asymptomatic pineapple worldwide (1, 17, 18, 27, 28, 31, 32, 34) .
The particles, referred to as Pineapple mealybug wilt associated virus (PMWaV), are actually a complex of at least two different viruses (18, 25, 31, 32) . Both viruses are mealybug transmitted (31, 33) and are in the Closteroviridae family (22, 25) . Based on sequence and phylogenetic analyses, PMWaV-1 and PMWaV-2 share approximately 50% homology (M. J. Melzer, A. Karasev, D. M. Sether, and J. S. Hu, unpublished) . PMWaV-2 is most closely related to Grapevine leafroll associated virus 3 (GLRaV-3) sharing 69.4, 71.5, 70.1, and 63.9% sequence similarity for the helicase, RNA-dependent RNApolymerase, heat shock protein 70 homolog, and coat protein genes, respectively (25) . Two monoclonal antibodies (MAbs), 35-6-5 (PMWaV-1) (18) and 63-2-2 (PMWaV-2) (31) can detect and differentiate the two viruses in tissue blot immunoassays (TBIAs) (17) . TBIAs with PMWaV-1 and PMWaV-2-specific MAbs and reverse transcription polymerase chain reaction (RT-PCR) assays have shown that both viruses are found worldwide in MWP symptomatic and asymptomatic pineapple (17, 32) . However, PMWaV-2 infection is consistently found in association with MWP (31), whereas PMWaV-1 is not (17) .
In healthy appearing Hawaiian grown proprietary selections of Ananas comosus cv. Smooth Cayenne, PMWaV-1 occurs at a much higher incidence (26 to 100%) than dual infections of PMWaV-1 and PMWaV-2 (0 to 36%) (32) . In all but one of the proprietary pineapple selections from Hawaii, single infections of PMWaV-2 occur with the least frequency (0 to 8%) (32) . In recent studies, we have shown that both mealybug exposure and PMWaV-2 play a role in MWP etiology (29, 31) . Mealybug feeding in the absence of PMWaV-2 or PMWaV-2-infection in the absence of mealybug feeding does not result in MWP (31) .
An experiment using a randomized complete block design consisting of PMWaV-1-free and PMWaV-1-infected pineapple plants either maintained mealybug-free or inoculated with mealybugs at regular intervals was established in a commercial pineapple field on Maui, Hawaii. During the course of this study, we identified and characterized PMWaV-2 (25) . This virus was identified in plants that were distributed throughout the treatment plots. RT-PCR assays that could detect and differentiate PMWaV-1 and PMWaV-2 (32) and PMWaV-2-specific TBIAs (31) were used to monitor the spatial patterns of PMWaV-2 infections and MWP over time. Yield impacts of the two PMWaVs, mealybug exposure, and MWP are also presented, and management strategies are discussed.
MATERIALS AND METHODS
Experimental design. Pineapple is a perennial monocot that is propagated by crowns from the top of the fruit or from suckers (23) . In Hawaii, crowns are planted through plastic mulch and grown for 18 to 20 months before fruit harvest. This is referred to as the plant crop. After plant crop fruit harvest each plant typically gives rise to one or more ratoons before drying up. Fruit from this ratoon crop will be harvested 12 to 15 months after the plant crop was harvested. PMWaV-1-specific TBIA, as previously described (17) , was used to identify the virus status of each crown used for planting the plant crop. The initial PMWaV-2 infection status of the crowns was not determined because of unavailability of an assay appropriate for mass screening at the beginning of the study. The area was prepared using standard plantation practices. Soil was fumigated with methyl bromide, drip irrigation lines were installed down the middle of The impact of mealybug feeding and Pineapple mealybug wilt associated virus-1 (PMWaV-1) and PMWaV-2 infection on pineapple fruit yield, and the spread of PMWaV-1 and mealybug wilt of pineapple (MWP) were evaluated under field conditions with a randomized complete block design. Plots of PMWaV-1-free or infected plants were maintained mealybug-free or inoculated with mealybugs (Dysmicoccus spp.) at monthly intervals. Plants infected with PMWaV-2, an integral part of MWP etiology, were nested within plots that were maintained free of mealybugs, and in the plots of PMWaV-1 infected plants exposed to mealybugs. MWP, which only developed in PMWaV-2 infected plants exposed to mealybugs, resulted in a 35% reduction in yield when compared to PMWaV-free plants. Yield reductions were dependent on time of MWP symptom development; the earlier the expression of symptoms the greater the impact on fruit yields. An interaction effect between PMWaV infection, inclusive of both PMWaV-1 and PMWaV-2 infected plants, and mealybug exposure was detected in the plant crop (P < 0.02) but not in the ratoon crop (P > 0.59). This could be explained by the presence of MWP symptom expression during the plant crop and subsequent plant recovery in the ratoon crop. Virus infection, inclusive of PMWaV-1 and PMWaV-2, suppressed yield (P < 0.01) in the ratoon crop. The commercially desirable fruit sizes were most frequently obtained from PMWaV-free plants. Spatial analysis of PMWaV-2 spread, and MWP symptom expression in mealybug inoculated plots showed patterns of aggregation within rows and within beds but not between beds over the course of the study. Initial occurrence of MWP symptom expression in mealybug-inoculated plots was underdispersed indicating random occurrence of PMWaV-2 plants. After 6 months of mealybug exposure, patterns of both PMWaV-2 incidence and MWP were overdispersed. Management strategies are discussed.
Additional keywords: closterovirus, vector transmission each bed, and beds were covered with black plastic mulch. Treatments of PMWaV-1-free or PMWaV-1-infected plants either maintained mealybug-free or inoculated with mealybugs were arranged factorially and replicated four times. Each treatment plot consisted of 130 crowns planted through the plastic on 28 cm centers in two beds, each with two rows. Rows within a bed were 40 cm apart. Beds were separated by a 70-cm-wide aisle. The 16 treatment plots were separated from one another by a minimum of two beds of PMWaV-1-free plants on two sides and 7.7 m plantings of PMWaV-1-free plants on the ends. Plots consisted of pineapple crowns with or without PMWaV-1 and the presence or absence of mealybugs. Plots that were maintained mealybug-free received applications of Prentox diazinon 50W at 4 lb/acre. Amdro ant bait (American Cyanamid Co. Parsippany, NJ) was applied as a broadcast treatment twice during the course of the study to prevent ants from becoming established. Mealybugs (Dysmicoccus brevipes (Cockerell) and D. neobrevipes Beardsley) reared on squash were applied to mealybug-exposed treatments at monthly intervals during the plant crop as previously described (31, 33) . Each application consisted of approximately 10,000 mealybugs of both species per plot beginning 45 days after planting. Mealybug applications were suspended 3 months before harvest of the plant crop.
Data collection. Presence or absence of MWP symptoms and plant location within treatment plots were noted for each plant at monthly intervals beginning 2 months after planting and continuing throughout the plant crop cycle. Four months after planting, RT-PCR assays for PMWaV-2 were developed (32) . This assay was used to screen the plants in the treatment plots for PMWaV-2 infection at monthly intervals beginning 4 months after planting. PMWaV-2-infected plants were removed from the mealybug-treated plots of PMWaV-1-free plants to assure evaluation of mealybug feeding impact in the absence of MWP. PMWaV-2-infected plants were left in place in the other 12 plots, and the pattern of virus spread in mealybuginoculated plots was recorded at monthly intervals. Duplicate sets of leaf blots for TBIA analyses were made from all plants at 6, 10, and 14 months after planting and at the time of plant and ratoon crop harvests. After PMWaV-2-specific MAb 63-2-2 was produced (31), the blots were screened with PMWaV-1-and PMWaV-2-specific MAbs in parallel TBIAs (17) . Fruit produced in the plant and ratoon crops were individually weighed with and without the crown. A leaf sample was removed from the crown and tested for PMWaV-1 and PMWaV-2 in virus-specific TBIA at the time of harvest to confirm virus status.
Statistical analyses. Fruit with crowns were separated into commercial fresh fruit size classes as follows: size 7 (2.6 to 2.9 kg); size 8 (2.1 to 2.5 kg); size 10 (1.7 to 2.0 kg); size 12 (1.4 to 1.6 kg); size 14 (1.2 to 1.3 kg); size 16 (1.0 to 1.1 kg); Under (<1.0 kg); and Over (over 3.0 kg). Sizeclass frequency distributions were generated for fruit weights from the plant and ratoon crops. Size frequencies were expressed as a percentage of the total number of fruit produced per treatment for each size category. Mann Whitney tests at a = 0.05 (9) were used to compare size class percentages from the replicate plots between treatments. The average fruit weights in the treatment plots, inclusive of PMWaV-1 and dually infected plants for PMWaV-1-infected treatments, were analyzed with analysis of variance (ANOVA), and Fisher's LSD means separation procedure was used where appropriate (SAS Institute, Cary, NC). Because PMWaV-2 was discovered in the treatment plots when detection assays became available, PMWaV-2 infection was treated as a subtreatment and individual fruit weights were analyzed with nested ANOVA, and means separation procedures were used where appropriate (SAS Institute). The time of MWP symptom appearance, expressed as months after planting, and yield were analyzed with power regression analysis.
Spatial analysis. The patterns of MWP symptomatic plants and PMWaV infection within plots were analyzed with ordinary runs analysis (2) . A run was defined as a succession of one or more plants of one type of status (symptomatic versus asymptomatic or PMWaV-2-free versus PMWaV-2 infected) preceded or followed by the opposite plant status in a row (24) . The expected number of runs under the null hypothesis of randomness is given by
where E(U) is the expected number of runs, m is the number of symptomatic or PMWaV-2-infected plants in the row, and N is the total number of plants in the row (24) . If clustering is present, the number of runs (U) will be less than E(U) (11) . The standard deviation of U given the hypothesis of underdispersion is given by
and the normal test to determine clustering is given by
which includes a continuity correction coefficient (11) .
For down-the-row analysis, the four rows that composed each plot were combined end for end so that the last plant of row r was contiguous with the first plant of row r+1 (Fig. 1) . An achieved significance level (P) was calculated for each plot (11) . Pineapple planting patterns present a problem for across-row analyses because plants are planted in a nonlattice arrangement. Rather, plants in adjacent rows are offset from one another (Fig. 1) . To adapt to the offset placement of plants in adjacent rows, across-rows and across-beds analyses were modified as follows. Adjacent rows were analyzed in pairs and linearized as if they formed one contiguous row (Fig. 1.) . For example, plant X in row 1 was followed by plant X in row 2, followed by plant X+1 in row 1, followed by plant X+1 in row 2 and continuing to alternate between the two adjacent rows through the last plant of the two rows. Three "paired row" significance levels (P) were calculated per plot; two representing rows within the same bed and one representing the two middle rows of the plot that were in different beds. All P values for linearized rows 1 and 2 and 3 and 4 were grouped together because they represented paired rows within the same bed and all linearized rows 2 and 3 were grouped together because these were adjacent rows in different beds. These two groups of P values were subjected to an overall test for randomness given by
where n = the number of paired rows, i represents the ith linearized row. V has a chi-square distribution with 2n degrees of freedom (2) .
RESULTS
Incidence of PMWaV-2 in plots of PMWaV-1-free plants varied from less than 1 to 4%, 4 months after planting. These plants were left in place in plots that were not treated with mealybugs, but were removed from PMWaV-1-free plots that were treated with mealybugs to prevent secondary spread of PMWaV-2. The number of plants removed from the four replicate plots of mealybug-inoculated, PMWaV-1-free plants were 3, 4, 6, and 7 representing 2 to 5% of the total number of plants in a plot. Three months after mealybug applications began, the incidence of PMWaV-2-infected plants in plots of PMWaV-1-infected plants exposed to mealybugs varied from 21 to 39% among replicates. In these plots, PMWaV-2 incidence increased over the duration of the plant crop cycle indicating that secondary spread of PMWaV-2 was occurring within this treatment group.
Typical MWP symptoms characterized by severe tip dieback, leaf reddening, downward curling along the leaf margins, and wilting of symptomatic leaves developed in many plants in the four plots of PMWaV-1-infected plants that were exposed to mealybugs. PMWaV-specific RT-PCR assays performed on the symptomatic plants showed that these plants were infected with PMWaV-2 in addition to PMWaV-1. A recovery phenotype was observed in most of the MWP symptomatic plants that were characterized by lack of symptoms on the newly formed leaves. Recovery generally occurred 2 to 4 months after MWP symptoms appeared. All plants exhibited a healthy phenotype in the ratoon cycle although plants remained infected with PMWaVs. Mealybug applications were suspended 3 months before plant crop harvest.
An interaction between PMWaVinfection and mealybugs was detected in the plant crop (P < 0.02) but not in the ratoon crop (P > 0.59) ( Table 1) . Infection with PMWaV reduced yield in the ratoon crop (P < 0.01). Across mealybug treatments, PMWaV infection correlated with a 12 and 10% reduction (P < 0.05) in average pineapple fruit weight in the plant and ratoon crops, respectively, ( Table 2) . Across PMWaV treatments including dually infected plants, mealybug presence correlated with a less than 4% reduction (P > 0.05) of average fruit weight in the cropping cycle (Table 2) . Crown sizes from the plant crop and ratoon fruit were not affected by either treatment ( Table 2) . Evaluation of the main treatments, mealybug presence versus absence and PMWaV presence versus absence simultaneously, showed that the average fruit weight was reduced (P < 0.05) when plants were infected by PMWaV and further reduced (P < 0.05) when PMWaVs and mealybugs were present together in the plant crop (treatment groups marked with an asterisk in Table 3 ). Comparison of these same four groups in the ratoon cycle, showed decreased average fruit weight (P < 0.05) in the treatments with mealybugs and viruses together, although MWP symptoms were not present (Table 3) . Mealybug applications were not continued into the ratoon crop, but low residual populations of mealybugs were found in all mealybug-treated plots during the ratoon cycle. Based on visual observations, mealybug numbers were generally less than 20 per plant and not every plant appeared infested with mealybugs.
The yield impact described in the previous paragraphs summarized the overall treatment effects of plots of PMWaV-1-free, or PMWaV-1-infected, including dually infected plants that were either exposed or not exposed to mealybug feeding. However, the presence of PMWaV-2 within the plots and its correlation with MWP make analyzing subgroups within the treatment groups necessary to further elucidate the causes of the yield reductions that were observed. For this we used individual fruit weights rather than plot means for analysis, and based groups on infection status with regard to the two different viruses and the status of mealybugs and MWP symptoms. The average fruit weight from plants that developed MWP symptoms at various intervals during the plant crop was 35% lower than yields from PMWaV-free plants exposed to mealybugs, and 30% lower than yields from plants infected with PMWaV-1 or that had dual infections which did not develop MWP symptoms (Table 3) . Plants infected with only PMWaV-1 produced fruit that weighed on the average 6% (P < 0.05) less than fruit from PMWaV-free plants in the plant crop (Table 3) . Mealybug presence or absence did not affect the average fruit weight of these plants ( Table 3 ). The average fruit weight from plant crop plants which developed symptoms 3, 6, 10, or 14 months after planting were all significantly different (P < 0.05) from each other; smaller fruits were produced by plants that developed MWP earliest in the crop cycle, regardless of recovery phenotype ( Table 4 ). The mean fruit weight of the plants that developed wilt 14 months after planting was significantly (P < 0.05) larger than the mean fruit weight of all other treatments and subtreatments. The average fruit weight produced by plants that developed MWP were positively correlated (R 2 = 0.978) with plant age at the time of symptom development (Fig. 2) . Frequency distributions of plant crop fruit sizes showed a reduction in size 10 and 12 fruits in plots of PMWaV-1, or dually infected plants that were exposed to mealybugs (Fig. 3) . This same treatment group had more fruit in the lower size categories (Under and 16) than all other groups analyzed. In the ratoon crop, there was more undersized fruit (P < 0.05) produced in the PMWaV-1-infected pineapple plots than in the PMWaV-1-free pineapple plots (Fig. 4) .
Spatial analysis. Ordinary runs analyses down the rows of the mealybug-exposed, PMWaV-1 and dually infected plots showed that the patterns of MWP symptomatic plants initially fit a random distribution (underdispersion) within the plots at 3 months postplanting (Table 5 ). The random location of MWP symptomatic plants is consistent with the random planting of crowns unknowingly infected with PMWaV-2 in addition to PMWaV-1. Plants that developed MWP symptoms earliest were presumably infected with PMWaV-2 at the time the crowns were planted. At 6 months postplanting and at plant crop harvest, significant aggregation of MWP symptomatic plants along the rows was detected (Table 5) . A modified runs analyses approach was used to analyze within- bed and between-bed patterns of MWP symptomatic plants in the four PMWaV-1-infected plots inoculated with mealybugs (Table 6 ). The achieved probabilities (P) for adjacent rows in the same bed (rows 1 and 2 and 3 and 4) were consistently lower than those of adjacent rows in different beds (rows 2 and 3) indicating aggregation (overdispersion). The achieved probabilities from paired rows in four plots were pooled into two groups and overall chisquare values calculated. Ordinary runs analysis of PMWaV-2 incidence down the rows of the mealybug exposed, PMWaV-infected plots, showed that PMWaV-2-infected plants exhibited significant aggregation down rows at 6 months and at the time of harvest (Table  7) . This suggests movement of mealybugs between adjacent plants and concomitant transmission of PMWaV-2. Modified ordinary runs analysis of patterns of PMWaV-2-infected plants within and between beds in plots treated with mealybugs showed there was significant clustering present in adjacent rows within the same bed but not between adjacent rows in different beds (Table 8 
DISCUSSION
This is the first report of a field trial to evaluate the yield impact of mealybugs and the two PMWaVs. MWP developed only in PMWaV-2-infected plants exposed to mealybugs. If either PMWaV-2 or mealybugs were absent, MWP did not develop. In the plant crop, the interaction effect detected between virus infection and mealybugs represented the development of MWP in plants that were exposed to mealybugs and infected with PMWaV-2. The lack of mealybug or interaction effects in the ratoon crop is consistent with the fact that mealybug applications were discontinued after the plant crop harvest, although low residual populations remained. Ratoon plants infected with PMWaV-2 did not show MWP symptoms regardless of the low residual mealybug population present on some plants. This suggests the existence of a mealybug population threshold or an increased tolerance by the plant towards either the virus or mealybug feeding during the ratoon cycle.
Mealybug populations are greatest in the presence of ants and often fail to thrive in their absence (12, 21) . Ants can protect mealybugs from their natural predators and parasitoids (12, 13) , and also consume the honeydew produced by the mealybugs thus preventing fungal colonization. We controlled ant populations in the plant and ratoon crop to minimize possible confounding factors such as the development of large localized populations of mealybugs within or outside the treatment plots that could potentially bring PMWaV-2 in from neighboring plants. In doing this, we may have slowed the rate of MWP development and PMWaV-2 spread, or altered the patterns that may have occurred if ants had been allowed to tend the mealybugs in the plots. Control of MWP by the commercial pineapple plantations in Hawaii is based on controlling ants through the use of the ant bait, Amdro, and by application of diazinon to control mealybugs and ants (10, 26) . The use of virus-free planting material, a more environmentally sound alternative, would also have the benefit of increased yields (27, 30) . Such PMWaVfree material could be derived from virusfree parent plants identified by PMWaVspecific MAbs in TBIA or produced through meristem tissue culture that eliminates PMWaV from infected crowns (32) .
The development of MWP during the first 3 months of the plant crop resulted in a 55% reduction in average fruit weight compared to fruits from PMWaV-free plants. However, the appearance of MWP late in the plant crop cycle did not reduce fruit weight. Plants that developed MWP 14 months after planting produced fruits that averaged 7% heavier than fruit from PMWaV-free plants. This is suggestive of a growth response to the added stress of MWP during flowering. The dependence of yield on time of MWP symptom appearance suggests that prevention of MWP during the early stages of the crop is more critical for maximizing yield. In situations where resources are limited, efforts should be directed at the prevention of MWP early in the crop cycle through the use of mealybug and ant control practices and roguing of symptomatic plants. Ideally, PMWaV-2-infected plants should also be eliminated.
The fruit sizes desired by commercial pineapple growers depends on the target market. In general, a distribution that has minimal fruit in the Over and Under categories, and the majority of the fruit in the 8, 10, and 12 size classes is most desirable. Visual inspection of the frequency distributions, although somewhat subjective, shows that the most preferable size frequency distributions in the plant and ratoon crops were from the PMWaV-free groups, regardless of mealybug exposure. Similar size frequency trends were observed previously in PMWaV-1-free and infected pineapple (30) and are evidence that PMWaVfree plants are more desirable than PMWaV-infected plants with regards to desirable fruit size production. Identification of disease patterns and spread in the field is paramount in epidemiological investigations. A random pattern of infected or symptomatic plants suggests that, at the time of observation, the pathogen is not spreading from plant to plant or that there is a delay between infection and symptom expression. Alternatively, aggregations of infected or symptomatic plants suggest pathogen spread from plant to plant (24) . The significant overdispersion of MWP symptomatic plants and PMWaV-2 incidence observed in the plot rows indicated that mealybugs were acquiring PMWaV-2 from infected plants initially in the plots, moving to a neighboring plant and subsequently transmitting the virus. The chi-square values achieved from pooled probabilities showed that MWP and PMWaV-2 tends to be clustered within a bed. Overdispersion was previously observed when static frequency distributions of diseased plants per sampling unit were fitted to statistical probability distributions (19) . We observed exceptions to overdispersion in plots 3 months after mealybug applications began. Similar underdispersion was observed by Hughes and Samita (19) in some fields. This could be explained by the initially random dispersion of PMWaV-2-infected plants prior to mealybug infestation. When these randomly dispersed PMWaV-2-infected plants become infested with mealybugs they develop MWP. As mealybug populations become established on PMWaV-2-infected plants, acquisition of the virus occurs and is subsequently transmitted to neighboring plants when mealybugs move to them. Mealybug movement is constrained by the female's lack of wings. Adult males are alate but lack developed mouthparts and do not feed. Although crawlers are phototaxic and are readily dispersed by wind to distant plants, they are susceptible to dessication. Thus, plants immediately adjacent to mealybug-infested, PMWaV-2-infected plants may have higher probabilities of becoming mealybug-infested and subsequently infected by PMWaV-2. Roguing of only MWP-symptomatic plants may be inadequate to control virus spread. Removal of neighboring plants may also be needed to minimize the chances of MWP symptom development and the impact of virus infection on yields. The number of plants removed would be dependent on many factors including the size of the mealybug population, the presence or absence of ants, the environmental conditions, and plant or row spacing.
Management of MWP is paramount in Hawaii. High costs of labor and shipping of fresh fruit make cost-effective MWP control essential. Identification and removal of virus-infected plants may be a strategy to control MWP. Unfortunately, this strategy is laborious, somewhat subjective, and requires sending personnel into fields to remove symptomatic plants. Maximizing the spacing of crop rows may impact the spread of PMWaVs and MWP in the presence of mealybugs. The observation that aggregation of MWP and PMWaV-2 is significant in rows within a bed, rather than between beds, indicates proximity to an infected and infested plant is an important factor in the spread of PMWaV-2 and the concomitant development of MWP. Beds of pineapple are typically raised and covered with black plastic mulch. In Hawaii, two different mulching schemes are used. One uses a single bed that results in a raised bed of two rows covered with plastic mulch. Each bed is separated by exposed soil that provides an aisle for harvester access. The spacing between the beds is greater than that between the rows within a bed. A second type of mulching scheme is a double bed consisting of four rows within a bed and depressions (aisles) on each side between the beds. The spacing between rows is similar in both mulching schemes. However, the double beds put more plants in closer proximity to one another than does the single bed. In our study, we used a single bed scheme. The single bed may potentially provide better control of the spread of MWP in the presence of low mealybug or ant populations because of the reduced number of plants in close proximity to one another. Alternatively, the double bed may be conducive to a more rapid spread of MWP or PMWaVs because the leaves and roots of a higher number of plants are growing in close proximity. Further studies are underway to evaluate these scenarios.
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